Abstract: Alkali-silica reaction is one of the most recognized deleterious phenomenon in concrete that results in excessive expansion, cracks, loss in mechanical properties and serviceability problems. This paper reports overview of alkali-silica reactivity (ASR) in concrete including background, chemistry behind ASR, factors affecting ASR, and symptoms of ASR. The aggregates susceptible to ASR were evaluated using field performance, petrographic analysis, aggregate mineralogy and the standard and modified methods of ASTM C 1260 and C 1293, and their modifications. Aggregate classifications into innocuous and reactive based on the stated mineralogy tests, and the expansion limits of the standard methods and their modifications were compared. The study demonstrated that none of the single method is an ideal approach to evaluate the alkali-silica reactivity of an aggregate, and a suitable combination of various methods can be utilized to better predict the potential ASR reactivity of an aggregate.
INTRODUCTION
The fast growth of the world population and increased urbanization during the 20th and 21st centuries has generated a high demand of new construction work. The abundance, availability and economy of materials used in cement-based concrete are a great concern for future construction. Since the end of the 19th century, a tremendous number of investigations have been conducted throughout the world on cement-based concrete and its characteristics in order to improve the strength and serviceability qualities of the materials used in concrete construction.
In the present day, concrete is the most widely-used construction material in the world [1] . It consists of particles of aggregate, water, and a binding agent (cement and other cementitious materials). The reactions between aggregates and binding agents are extremely complex. Many natural aggregates contain a quantity of amorphous silica and carbonate, which both react with the alkalis (Na and K) of the mixture, which mainly come from cementitious materials). This interaction is widely known as the alkaliaggregate reaction (AAR). Depending on which minerals are involved, AAR is subdivided into alkalisilica reaction which is called ASR and alkali-carbonate reaction, which is known as ACR. ASR develops by the aggregates containing reactive silica minerals. On the other hand, ACR develops due to the composition of aggregates, such as in dolomite. ASR is a common form of AAR while ACR is very rare [2] .
In the United States, many concrete structures built from the late 1920's to the early 1940's failed due to overall cracking throughout the structures. The destruction manifested at the concrete surface as extensive map cracking, surface pop-outs, spalling and gel exudation [3] . In 1940, T. Stanton of the California Division of Highways identified the phenomenon and called it alkali-silica reactivity (ASR). From that time, it has been a subject of intense research.
A large number of researches have been conducted to investigate both the fundamental and practical aspects of AAR. Diamond (1992) [4] provided an excellent overview of the literature pertaining to alkaliaggregate reactions from 1940 to 1991, and the result is shown in Figure 1 . It has been shown that the number of published papers has been increasing substantially over the three decades of 1970 to 1990 ( Figure 1 ). Nearly one thousand of published papers concerning AAR-related issues have been appended during the last two decades to the web of knowledge database, which is a premier research platform for information in the sciences, social sciences, humanities and arts. This proves an intense awareness of concrete durability problems as related to AAR. The deterioration caused by alkali-silica reaction is fairly slow but progressive [5] [6] [7] . The ASR reaction leads to concrete expansion, loss of strength, and stiffness, and tends to deform the structures and disturb the internal forces [5] [6] [7] [8] . The long term durability, serviceability, and the safety of the structures can be damaged by the alkali-silica reaction [9, 10] . 
CHEMISTRY BEHIND ALKALI-SILICA REACTION
The chemical reaction of ASR is a multi-stage process [8] . The process starts with the reactive silica on the surface area of the aggregate in a high alkaline (high pH) solution. The hydroxyl ions (OH Specimens prepared with innocuous aggregate [14, 15] replace broken Siloxane bonds as shown in Equations 1 and 2. The positively charged alkali ions, such as Na + or K + balance the negative charge created by the breakdown as shown in Equation 3 .
The alkali-silica reaction produces two types of component gel [11] non-swelling calcium-alkalisilicate-hydrate [C-N(K)-S-H] and swelling alkali-silica-hydrate [N(K)-S-H] gels. When the alkali-silica reaction occurs in concrete, some non-swelling C-N(K)-S-H component are produced. The presence of non-swelling gel does not coincide with distress, and thus, does not necessarily indicate destructive ASR. Only when the both types of ASR gels form the damages due to alkali-silica reactivity only occur. The occurrence of reaction products (swelling gel) is the main diagnostic symptom of ASR.
The alkali-silicate gel absorbs water from surroundings and increases in volume. Once the pressure is larger than the tensile strength of concrete, cracks occur and lead to additional water permeation through migration and gel swelling. Extensive expansion and severe cracking are caused by high-swelling gel. The rate of the expansion depends on the chemical composition and the available alkali content of the cement matrix [12] 
Symptoms of ASR
As the alkali-silica reaction starts to take place, some cracks develop at the outer zone of the reactive aggregate due to the tension created by ASR gel. As the reaction takes place, the reactive particles are dissolved in the inner part of the aggregate, and an alkali gel is formed within the grains. The reaction processes depend on the level of reactivity of the aggregates [8] . Common symptoms of ASR-affected structures are map cracks, longitudinal cracks, exudation, pop out, buckling and spalling [13] . Figures 2  and 3 show the specimens prepared with innocuous and reactive aggregates, respectively. As can be seen, the mortar and prism specimens prepared with innocuous aggregates showed no ASR-related cracks even at the extended test duration of 13 weeks (Figure 2 experienced severe cracks (map cracks) and aggregate pop out, as shown in Figure 3 .
ASR cracks in reinforced concrete develop in the direction of the main reinforcing bars [16] . Fewer cracks occur in the perpendicular direction because compressive stress is developed in the concrete as a result of restraint from expansion by the reinforcing bar. For the concrete with little/no reinforcement (i.e. at the free end of a beam or abutment, on the surface of a sea defense structures or in a concrete block, etc.), the ASR caused crack pattern is irregular or map-like. Concrete section exposed to rain has more cracks than the sheltered part of the same structure. The regions of the cracks are determined by the area on the aggregates with reacting silica and the availability of the OH-vicinity. 
FACTORS AFFECTING ASR
It is widely accepted that three main components are essential for ASR-induced damages in concrete structures: (i) reactive silica in aggregates, (ii) sufficient alkalis, and (iii) presence of moisture. The ongoing process of ASR simply brings to an end when one of the reacting substances is used up.
Reactive Forms of Silica in Aggregates
Reactive aggregates exposed to a highly alkaline pore solution tend to break down, which creates silica. Subsequently, the reaction between alkali hydroxides and reactive silica occurs to produce ASR gel in concrete. The probable reactivity of aggregates depends on numerous factors, such as chemical composition, level of crystallinity, and solubility of the silica in alkaline (high-pH) concrete pore solution [17] . Additionally, the aggregate's internal grain size is inversely correlated to the surface area of the silica accessible for alkali attack. Therefore, fine aggregates are more susceptible to ASR because of their higher surface area [18, 19] . The porosity of the aggregate also increases the rate and ASR reactivity [13, 20] .
As a result of deficiency in ordered pattern, amorphous silica has holes (porous) in the network where electrical neutrality is unsatisfied. This situation creates a large surface area for the alkali-silica reactions to take place [21] . The extent of ASR-related reactions is proportional to the amount of amorphous silica present in an aggregate [22] . Certain volcanic aggregates have glassy materials produced by the brisk cooling of melted silica that prevents it from crystallization, and renders it very reactive [23] . Table 1 shows the rocks and reactive minerals that are susceptible to alkali-silica reaction. Table 1 highlights two groups of rocks, and their main differences in the crystalline structure of mineral constituents. The first set of rocks has a lack of minerals with a crystalline structure. The structures of these rocks are in disorder, resulting in holes and channels. As such, reactive ion can easily migrate in a larger surface area of these rocks and more ASR reactions can take place [21] . The rocks of this category are extremely reactive [24] . The second category of rocks contains minerals with a crystalline structure. The level of ASR of this group of rocks ranges from mild to very. However, it is highly recommended that the rocks or minerals shown in Table 1 are always susceptible to ASR or the other rocks and minerals not listed in the table are completely immune from the adverse effects of ASR.
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A wide range of rock types used as aggregates in concrete construction. Table 2 outlines a summary of findings on major rock types susceptible to alkali-silica reaction. Based on the findings in Tables 1 and  2 , andesite, basalt, decite, dolomitic-limestone, chert, opal, pyrex glass, quartz, rhyolite, and silicious rocks are prone to alkali-silica reactions. On the other hand, the mono-minerals dolomite and limestone rocks, which often do not contain reactive minerals, are not susceptible to alkali-silica reaction [25] . The amount of reactive silica is the most crucial factors for alkali-silica reaction. A small amount of reactive silica can produce ASR-induced effects [8] , and the quantity varies on the rock types and reactive minerals [40] . An aggregate used in concrete might contain a small proportion of reactive silica as an original, primary or secondary constituent, which may not be determined by the chemical compositions.
As such, the deleterious effects cannot be estimated from the knowledge of the quantities of the reactive materials used in the concrete alone. The structure of silica decides whether a siliceous aggregate acts as reactive or not. Broekmans (1999) influence ASR-related damages in concrete [41] . In order to provide a better understanding of alkali-silica reactions, the structures of silica need to be discussed.
The basic structure of silicate is silicon tetrahedron, as shown in Figure 4 , which consists of one center silicon atom bonded with four oxygen atoms, one in each corner of the silicate [27] . The tetrahedron can be formed singularly or in multiples with rings, chains, sheets or frameworks. A crystalline silicate structure can be formed by the repetition of the silicon tetrahedron in an oriented manner of three-dimensional space [27, 42] . [33] , [38] , [39] Reactive Figure 5 show a quartz (SiO 2 ) structure, where the silica is completely crystalline. Each silicon tetrahedron is linked by oxygen ions, and each oxygen ion is tied with two silicon ions in order to achieve electrical neutrality. On the surface, however, unsatisfied negative charges develop because the structure is linked with three oxygen atoms instead of four oxygen atoms. Such structures are chemically and mechanically stable, impervious, and react only on the outside.
When the ASR reaction proceeds, alkali hydroxides penetrate into the siliceous particle, thus loosening the lattice structure. In a well-crystallized silica (such as quartz), the breakdown of the lattice ) structure by alkali hydroxides is almost impossible. On the contrary, crypto-crystalline and amorphous silica are more susceptible to ASR attack because of an untied and disordered lattice structure and increased surface area. In the case of a non-reactive quartz, the alkali ions cannot penetrate the wellordered crystal lattice [23] . 
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SUFFICIENT ALKALIS
Concrete consists of infinite pores that are often filled with a solution containing alkalis (Na + , K + ) and hydroxyl (OH) ions. The amount of alkalis in concrete is expressed by sodium oxide equivalent as the percent of Na 2 O plus 0.658 times the percent of K 2 O. An effective way of preventing ASR-induced damages is not only to control cement alkalis, but also the total alkali content of the concrete mixture [43] . Among all ingredients of concrete contributing the total alkalis in concrete, Portland cement contributes the largest amount of alkalis. Alkalis in the Portland cement varies from 0.2 to 1.1 percent [43] and produce an inherently high pH (normally from 13.2 to 14) in the pore solution by associating hydroxyl ion (OH¯) concentration [44] . ASR-induced expansion increases with an increase in cement alkali [6, 27, 45] .Limiting cement alkalis below 0.60% Na 2 O eq is unlikely to prevent the occurrence of ASR. Additionally, the lowest cement alkali of 1.8 kg/m 3 Na 2 O eq is recommended for the structures with a relatively high risk level of alkali-silica reaction to ensuring a safety factor from the potential contribution of alkalis [46] . However, cement alkali substance did not considerably affect the expansion of the mortar bars made with the moderately reactive aggregate, but tended to have a significant effect on the expansion of the mortar bar having highly reactive aggregates [6, 27] . The fineness of Portland cement plays an important role on the alkali content. The finer cement releases alkalis rapidly, thus, inducing expansion faster [47] . Pozzolanic materials, such as fly ash, silica fume and ground granulated blast furnace slag (GGBFS), are used as cement replacement or a part of cementitious material to modify or improve concrete properties, and occasionally used for economical consideration. They react with lime produced from cement hydration, forming a compound possessing binding properties. Addition of pozzolans to concrete results in a reduction of alkali content which yields reducing ASR expansion [48] . A pozzolanic reaction reduces the permeability of concrete and absorbs some alkali ions [48] . Thus, the concrete is protected from the reaction between alkalis and aggregates.
Some aggregates can release alkalis, thus increasing the alkali content of the mixture [49, 50] . For an example, aggregate containing feldspars, mica, glass, and glass rock release alkalis in concrete. For certain aggregates, the amount of released alkalis is equivalent to 10 percent of Portland cement alkalis under severe conditions [43] . A significant amount of alkalis can also be supplied to concrete pore solution with time by feldspar-rich aggregates, such as granite, which are often used in concrete [51] . Additionally, if sea-dredged aggregates are utilized in the mixture, the additional alkalis lead to the concrete mixture resulting in ASR expansion.
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Some of the admixtures (accelerators, water reducers, super plasticizers, retarders, and air-entraining) contain sodium and potassium compounds that also contribute to the alkalis in concrete. The total alkali content of a given mixture may also be increased from the external sources, such as seawater, ground water, and water from industrial process. Nixon and Sims (1992) [52] confirmed that seawater increases the OH-concentration in the pore solution. This resulted in high ASR-induced expansion.
SUFFICIENT MOISTURE
Alkali-silica reactivity requires water to initiate the reaction. Water is an essential for the 'carrier' of alkali cations and hydroxyl ions. Water is absorbed by the gel which is the essential element in developing pressures to crack the concrete. Sufficient moisture is necessary to induce pressure on gels. These gels are formed by the alkali-silica reaction that leads to expansion and cracking of the aggregate in surrounding paste. Concrete mixtures involved in highly reactive aggregates and high-alkali cements have exposed little or no expansion in a dry environment. Likewise, the concrete structure with a large amount of local moisture typically results in more expansion.
The effects of alkali-silica reaction vary directly with the relative humidity (RH) of the concrete. The swelling of the gel takes place at a RH higher than 80%, although it can be formed in a lower humidity [53, 54] . Moreover, Swamy (1992) [8] and Pedneault (1996) [54] suggested that limiting moisture content to less than 70 and 80% RH does not undergo significant expansion and severity of ASR distress, respectively. Applying a protective coating over concrete is another solution to minimize contact with moisture through the procedure can be costly.
Reducing the permeability of concrete is also a feasible approach to decline the deleterious effects of ASR [40] . In concrete, the decrease of the water-to-cement ratio results in high alkali content and a reduction of pore space. It affects the expansion rate [40, 45, 49] . As such, one approach of suppressing ASR-related damages is to add silica fume or other supplementary cementitious materials to the concrete mixture.
STANDARD TESTS FOR ALKALI-SILICA REACTIVITY
A number of standard tests have been used in assessing alkali-silica reactions and their potential for deleterious expansion in concrete. Among them, the three most popular methods are described below:
ASTM C 295 (Petrographic examination of aggregates)
Petrographic examination of aggregates is one of the most reliable indicators of the potential for deleterious ASR. Petrographic evaluation provides valuable information about the types and quantities of minerals present in an aggregate. It can be used to identify a wide range of reactive components. This test is highly recommended for use in combination with other tests and field performance evaluations. It is recommended that petrographic examination together with ASTM C 1260 [55] jointly appear to the most reliable indicators of potential for deleterious ASR.
ASTM C 289 is a very quick method and its findings greatly depend on the experience and capabilities of the petrography examiners of the aggregate. While conducting the test, a small amount of certain important components can readily be missed, especially with an aggregate such as opal [52] . A ) few aggregates, on the other hand, can be classified as deleterious reactive even with a good service record, because they contain minerals that have been known to be reactive in other situations [27] .
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ASTM C 1260 (Accelerated mortar bar test)
The accelerated mortar bar test (AMBT) is a recommended test method for assessing alkali-silica reaction. This is recognized as a very rigorous test method because of the intense test conditions such as highly alkaline storage solution and high temperature. The test requires only 16 days in deciding the level of reactivity, compared to one year for the concrete prism test [56] . As the specimens are exposed to the 1N NaOH solution, the quantity of alkali in the cement is not an important factor in affecting expansion [55] .
Most researchers agree that the 14-day expansion of ASTM C 1260 under the 1N NaOH solution of less than 0.10% is an indication of innocuous aggregate. On the other hand, more than 0.20% is regarded as highly reactive aggregates. The expansion between 0.1% and 0.2% is either slowly reactive or inconclusive. It is more likely depends on concrete prism test, aggregate type or field performance. Aggregates found innocuous by the 14-day failure limit of ASTM C 1260 are very likely to perform well in the field. Some studies showed that the 14-day expansion limit of 0.10% was incapable of assessing the actual ASR evaluation of some aggregates [43, 57, 58] . To minimize the associated problems, additional expansion limits of 0.33% at 28 days and 0.48% at 56 days were proposed by Hooton [32] , Rogers and Hooton [33] . Islam and Ghafoori [14, 15] recently proposed that the aggregates producing the 2-, 4-and 8-week mortar expansions of 0.10, 0.28 and 0.47%, respectively, are considered reactive. Moreover, those producing the expansions of less than the above-mentioned three proposed limits can be classified as innocuous. Recently, kinetic based model was also utilized to explain the expansion characteristic of AMBT, and to better evaluate the reactivity of aggregates [15, 59] .
ASTM C 1293 (Concrete prism test)
Among the ASR assessing standard test methods, the concrete prism test is considered to be more representative of field performance. It is due to concrete specimen and curing environment. The method is normally considered the most precise and suitable test method in predicting the site performance of aggregates. The concrete prism test is less conservative than the AMBT test. It is more likely for assessing slow reacting and suspicious aggregates. To supplement these tests, a petrographic evaluation [60] is also suggested, but not required.
The only disadvantage of ASTM C 1293 [56] is that it takes one year to determine the alkalisilica reactivity of an aggregate. In order to improve this drawback, research studies have been conducted in changing the solution type and/or solution strength, and altering curing environment and test duration. It is done to show the equivalent results of ASTM C 1293 in a shorter span of time. A non-standard method of the concrete prisms immersed in the 1N NaOH at 80°C (1293M1) experimentally proved that the test can reliably predict the alkali-silica reactivity of an aggregate source (Stark, 2006) . The proposed failure criteria of alkali-cured prism of 0.04% at 4 weeks, recommended by Fournier et al. [3] , had been proved to be unreliable for assessing the potential alkali-silica reactivity of some aggregates [17, 27] . However, the prisms cured in the 1N NaOH solution at 80°C exceeding the 4-week expansions of 0.080% were considered highly reactive [17, 27] . Islam and Ghafoori (2013) [14, 15] proposed that the failure limits of alkali-cured prisms of 0.052% at 4 weeks, 0.100% at 8 weeks and 0.150% at 13 weeks proved to produce more consistent results than those generated at the early immersion age of 4 weeks. 
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ASR EVALUATIONS OF AGGREGATES
The following data of each aggregate group has been obtained from the research investigation conducted by Touma et al. [27] . In this section, the alkali-silica reactivity of nine aggregate groups was evaluated based on aggregate's field performance, petrographic analysis, aggregate mineralogy and the expansion limits of ASTM C 1260, ASTM C 1293 and the modified ASTM C 1293 (prisms submerged in 1N NaOH at 80°C). The ASR classification of each aggregate is shown in Table 3 . Based on aggregate's mineralogy, as shown in Tables 1 and 2 , D2-IL (dolomite) aggregate group was innocuous, and the remaining eight aggregate groups of A1-WY (rhyolite), A9-NE (quartz), B4-VA (quartz), C2-SD (quartz), E2-IA (opal), E4-NV (natural siliceous), E6-IN (natural siliceous) and E8-NM (rhyolite) were considered reactive. Hooton (1991) [32] , and Rogers and Hooton (1993) [33] ; c failure limit recommended by ASTM C 1293 [56] ; d expansion limits of alkali-cured prisms recommended by Fournier et al. [3] ; e expansion limits of alkali-cured prisms suggested by Islam and Ghafoori [14] . Table 3 shows that the 14-day expansion limit of mortar bars of 0.10% resulted in an identical agreement on aggregate classifications with that obtained by the aggregate mineralogy and the expansion limits of alkali-cured prisms at 4, 8 and 13 weeks with an exception of A1-WY aggregate group. The early age failure limit of mortar bars, recommended by ASTM C 1260, produced more conservative result as compared to the findings obtained by the 14-, 28-and 56-day expansion limits of mortar bars suggested by Hooton (1991) [32] , and Rogers and Hooton (1993) [33] .
The concrete prism test showed a good correlation with the findings obtained by the petrographic test. However, it did not show a good agreement with the outcome generated by field performance and aggregate mineralogy. The expansion limits of alkali-cured concrete prisms at the ages of 4, 8 and 13 weeks were unable to produce consistent results with the results obtained by the standard concrete prism test. Among all, the ASR evaluation tests stated in Table  3 , aggregate mineralogy and early age expansion limit of mortar bar resulted in more conservative approach followed by the expansion limits of alkali-cured prisms. Compared to other test methods, the concrete prism test might yield the most accurate ASR evaluation since the specimens are more likely to be exposed to the actual field conditions. On the other hand, ASR classifications of the aggregates based on the field performance were not as expected. The possible reasons might be variations in the exposure conditions (relative humidity and the presence of OH-concentrations) and the mixture design on the ASR in concrete structures prepared with respective aggregate group.
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CONCLUSIONS
Alkali-silica reaction in concrete is a complex chemical reaction that depends on numerous factors. The reaction causes huge expansions and cracks, loss in mechanical properties of concrete and eventually damages the structures. As such, by early detection of ASR, engineers and builders can save millions of dollars in repair and rehabilitation costs, and increase the service life of existing structures through maintenance programs. Though various test methods are available in assessing ASR, none of them is an ideal approach to evaluate the alkali-silica reactivity of an aggregate. To predict the potential alkali-silica reactivity, suitable combination of various methods can be used as indicators.
It is highly recommended not to use the aggregate type as the primary method to evaluate aggregate reactivity. Though pure dolomite and limestone rocks can be considered as innocuous, and andesite, basalt, decite, dolomitic-limestone, chert, opal, pyrex glass, quartz, rhyolite, and silicious rocks are prone to alkali-silica reactions. An aggregate used in concrete might contain a small fraction of reactive silica as any forms of original, primary or secondary constituent, which may not be determined by the chemical compositions. Moreover, the mineralogy of aggregate is quite unable to offer the extent of ASR reactivity. Evaluation by the standard tests of ASTM 1260 and 1293 is required to reassure the extent of reactivity of the aggregates as obtained from the initial petrographic test and rock mineralogy. The amount of reactive silica, the chemical and physical properties of silica and aggregate mineralogy play an important role in alkali-silica reactivity. The alkali content of cement has a little influence on the expansion of mortar bars, and limiting cement alkalis below 0.6%Na2Oeq does not arrest ASR below the prescribed expansion limits. However, blending appropriate amount of pozzolans like fly ash, silica fume and slag in concrete mixture not only improves concrete properties but also reduces the ASR-related damages. This approach is occasionally used for the economical consideration and reduction of green house gas emission to the atmosphere.
